Dehydration embrittlement of serpentine was investigated by employing triaxial deformation experiments at high pressure and temperature (P = 1-6 GPa; T = 550-820ºC). A modified Griggs apparatus was used up to 3.4 GPa and a Walker-type multi-anvil apparatus was used at 3.5-6 GPa). The investigated specimen is a serpentinized peridotite from Val Malenco, Italy. Dehydration of the sample under differential stress resulted in faults associated with ultrafine-grained solid reaction products, formed as byproducts of antigorite dehydration. This phenomenon was observed under all conditions tested (1-6 GPa, 630-820ºC), independent of pressure, even though the sign of total volume change ( V) of the dehydration reaction changes from positive to negative at 2.2 GPa. This observation confirms that dehydration embrittlement is a viable mechanism for triggering earthquakes independent of depth, so long as there is a hydrous mineral breaking down under differential stress. Aligned Mode-I cracks and fluid inclusion trails are common in relict olivines in the deformed serpentinite. We suggest that some of the puzzling observations, including a seismic lowvelocity zone (LVZ) at the top of subducting slabs, can be attributable to aligned fluid-filled Mode-I cracks and enhanced defect mobility in olivine in the presence of water. The anomalous hypocenter distributions of earthquakes can be attributed to the degree of dehydration of hydrous minerals in combination with a certain level of stress. In addition, low-seismicity regions in subduction zones may be explained by "superplastic" flow under low stress along the ultrafine-grained solid reaction products that are produced during dehydration reactions.
Introduction
EARTHQUAKES OCCUR in subduction zones at depths down to ~ 680 km, even though faulting is inhibited at depth in the Earth due to high pressure and high temperature (Green and Houston, 1995; Kirby, 1995; Silver et al., 1995; Green and Marone, 2002) . One popular hypothesis is that intermediate-depth earthquakes (~50-300 km) may be triggered by the dehydration embrittlement of serpentine or other hydrous minerals in subduction zones (Raleigh and Paterson, 1965; Raleigh, 1967; Murrell and Ismail, 1976; Rutter and Brodie, 1988; Mead and Jeonloz, 1991; Jiao et al., 2000; Peacock, 2001; Seno et al., 2001; Dobson et al., 2002; Hacker et al., 2003; Jung et al., 2004a; Mishra and Zhao, 2004; Wang et al., 2004) . However, a problem of this hypothesis is that fracture mechanics theory predicts that if the volume change ( V) resulting from a dehydration reaction becomes negative, there will be no shearing instability and therefore no faulting (Wong et al., 1997; Dobson et al., 2002) . If this were true, it would be very difficult to explain intermediate-depth earthquakes, because at higher pressures the V of reaction becomes negative in all systems likely to generate earthquakes. Previous deformation experiments were conducted only at low pressures (< 0.7 GPa), in which the total volume change ( V) is positive; experiments have not been performed previously at the higher pressures in the deep Earth where the total volume change is negative (e.g. at P > 2.2 GPa for antigorite; Ulmer and Trommsdorff, 1995) .
Therefore, we investigated the mechanism of "dehydration embrittlement" over a wide range of pressures (1.0-6 GPa) and temperatures (630-820ºC) by deforming serpentinite under well-controlled physical conditions. We found that faulting was not inhibited when the volume difference between antigorite and its dehydration products changed from positive to negative, showing that dehydration embrittlement is a viable mechanism to cause intermediate-depth earthquakes. A brief account of our study was reported in Jung et al. (2004a) . We report here the details of experimental results on the deformation of a natural serpentinite, and discuss some implications for the generation of intermediate-depth earthquakes and the seismic LVZ at the top of subducting slabs, anomalous hypocenter distributions of earthquakes, and low-seismicity regions in subduction zones.
Experimental Procedures
The starting material for this work is a natural serpentinite from Val Malenco, Italy; the same material was used by Ulmer and Trommsdorff (1995) to determine the stability field of antigorite. The sample contains mostly antigorite, but also retains significant relict olivine and minor magnetite produced during serpentinization. We have chosen antigorite serpentinite because antigorite has the highest temperature and pressure stability field of serpentines and is likely the principal hydrous phase present in subducting mantle.
We used a modified Griggs apparatus; the sample assemblies used are similar to those illustrated in previous reports from our laboratory (Green and Borch, 1989; Burnley et al., 1991) , with the additional modification of a furnace tapered at the bottom to minimize temperature gradients. Serpentinite cores (3.0 mm diameter and 8.4 mm long) were polished flat and square at both ends and encapsulated in Pt; oxygen fugacity was buffered by placing a Ni foil at both ends of the capsule. We used CsCl as a pressure medium to minimize friction between the specimen and piston and their surroundings.
In the later stages of this research, we used a new technique (Ni evaporation) to see clearly a fault offset after a deformation experiment. Ni was inserted as strain markers into our specimens as follows: The cored serpentinite was cut into disks ~ 200-500 µm thick and Ni was evaporated on the top and bottom surfaces. For each experiment, 20-25 disks coated with Ni (~1 µm thick) were stacked inside a Pt capsule. To ensure that no deformation occurred during FIG. 1. Experimental conditions and phase diagram for antigorite (modified after Jung et al., 2004a) . Phase boundaries are shown as solid lines (modified after Ulmer and Trommsdorff, 1995) . Abbreviations: Ol = olivine; En = enstatite; Tc = talc. Open symbols indicate hydrostatic experiments (no faults produced). Deformation experiments using a modified Griggs apparatus (solid circles) with a strain rate 2 × 10 -4 s -1 showed faults and aligned dehydration products (Ol, Tc, En) . Experiments in Walker-type multi-anvil apparatus (solid squares) generated stress by rapid pumping (arrows). In each experiment, the faulting could have happened at any place along the arrow (P-T run trajectory) after the arrow leaves the antigorite field. Fault-associated microstructures featuring aligned dehydration products were indistinguishable from those of samples deformed in Griggs apparatus. Filled triangle represents a deformation experiment without dehydration reaction, yielding a fault by brittle failure. pressurization, we used the following procedure: Pressure was increased first to 40 MPa and temperature was increased to 300ºC while pressure was kept at 40 MPa. When temperature reached 300ºC, pressure was increased to the designated pressure, and then temperature was increased to the target temperature. Samples were annealed for 0-60 minutes at the desired pressure and temperature before the deformation experiment was conducted. After deforming at a constant strain rate (2 × 10 -4 /s), samples were quenched directly to room temperature in a few seconds. Pressure has an uncertainty of less than ~5% due to the variations during deformation. Pt/Rh (Type-B) thermocouples were placed at both the top and bottom of each sample; temperature uncertainty was less than ~10ºC as indicated by temperature differences recorded by the two thermocouples.
We also conducted experiments using a Walkertype multi-anvil at pressures of 3.5-6 GPa and temperatures of 630-820ºC. We used a graphite heater and W-3%Re/W-25%Re thermocouple. Specimens were 3.0 mm diameter and 7.0 mm long; alumina rods were placed at the top and bottom of the specimen to create nonhydrostatic stress during pressurization. The thermocouple junction was placed in the center of the specimen. Pressure was initially increased to 3.5 GPa, followed by increase of temperature to 620ºC in 1 hour. Both pressure and temperature were then increased simultaneously to the target pressure and temperature within 5-10 minutes in order to generate a strain rate approximately equivalent to the deformation experiments in the Griggs apparatus. By following the above procedures, we obtained fault microstructures similar to those produced in the Griggs apparatus.
After each experiment, the sample was examined by optical microscopy and scanning electron microscopy (SEM) employing a Philips XL-30 FEG at the University of California in Riverside. Backscattered electron images (BEI) were taken at 20 kV acceleration voltage and 10 mm working distance for the starting material as well as the deformed samples. Mineral phases of the starting materials and dehydration products of antigorite were analyzed using energy-dispersive spectroscopy (EDS) in the SEM.
Results
Experimental conditions and results are summarized in Figure 1 (modified after Jung et al., 2004a) and Table 1 Fig. 1 ) was pressurized to 1.0 GPa and annealed for 1 hour at 650ºC (e.g., see Table 1 ). The sample was quenched without deformation to see the effect of pressurization and annealing on the sample. The sharp corners on the specimen and the complete lack of deformation of the Pt capsule shows that our pressurization procedure allows successful arrival at pressure without introducing deformation in the specimen (Fig. 3 ) and that dehydration of serpentine itself does not cause faulting. Sample GL715 showed evidence of dehydration of antigorite (e.g., irregular grain boundaries against relict olivine due to the nucleation of small amounts of olivine and talc, and fluid inclusion trails in relict olivine, Fig. 3B ).
Sample GL 715 (open circle in
Faults were generated under stress by deforming samples at high pressure and temperature. One specimen was deformed within the antigorite stability field (GL 717, shown as a filled triangle in Fig. 1 ). This sample failed by conventional brittle fracture under a very high differential stress (1.5 GPa) and showed no evidence of dehydration of antigorite. All other samples were deformed outside the antigorite stability field ( Fig. 1 ) and displayed faults associated with ultrafine-grained solid dehydration products . The dehydration products are olivine plus talc or enstatite (with grain size 300 nm). Faults are aligned at ~30 ± 15º to the maximum principal stress orientation. Fault offset is clearly shown by offset of natural features and by our technique of evaporating Ni onto disks of sample and stacking them (Figs. 4A and 5) . It is also notable that evidence for dehydration reaction is very much less distant from fault zones, strongly suggesting that reaction started in a narrow zone under stress and propagated to establish the faults (Figs. 4-6) . Samples faulted by dehydration embrittlement showed the following characteristics: (1) many fluid inclusion trails in Mode-I orientation are observed inside relict olivine (Fig. 7); (2) Mode-I cracks are common in relict olivine (Figs. 4B, 4D , 5A, and 7);
(3) grain boundaries between olivine and antigorite, and cracks in olivine show evidence of dissolution in the presence of water and displayed irregular cuspate shapes (Fig. 8) . These observations indicate that the fluid (H 2 O) produced by the dehydration reaction was mobile and initially unsaturated in olivine components.
Typical microstructures of the initial stages of faults are shown in Figure 6 . Figure 6A shows a fault trace at P = 1.0 GPa that displays wispy-solid reaction products (light grey features pointed out by arrowheads) aligned approximately normal to the macroscopic maximum prinicipal stress, 1 (N-S), defining surfaces similar to stylolites (Rispoli, 1981) or anticracks (Flecher and Pollard, 1981) , surfaces across which contraction has occurred and volume has been lost. Branching of the left-lateral fault is seen at the top right corner of the image, with compression (anticrack) lenses in the squeezed wedge (arrow). A very common observation in our experiments at all pressures are en echelon fault segments aligned such that the region between them experienced compression. These "push-togethers" are so defined to identify their analogy to "pull-aparts" commonly observed in the field and in experiments, when the alignment of en echelon fault segments is such that the region between them experienced extension. Figure 6B shows a series of such "pushtogethers" (arrowheads) at P = 6 GPa. Note that the abundance of anticrack lenses is greater in these regions, where they function to accommodate the shortening imposed by the local stresses between the fault segments (see also Jung et al., 2004a) .
In summary, fault zones in all of our specimens are characterized by fine-grained solid dehydration products along their length and in anticrack lenses adjacent to them. En echelon fault segments are very common, with stepping always such that compressive stresses were generated by fault displacements and were accommodated by anticrack lenses of the solid dehydration products (Figs. 4, 6, and 9 ). No microstructural differences were observed between faults generated at low pressures (1.0-1.7 GPa), where the volume change of reaction ( V) was positive, and those observed at higher pressures (3.3-6 GPa) where the volume change of reaction ( V) was negative.
Discussion and Geophysical Implications
The persistence of faulting at all pressures investigated ( Figs. 4, 6, and 9) , regardless of the sign of the volume change ( V) during the dehydration reaction is contrary to the prediction by conventional rock mechanics theory of pore-pressure-aided faulting (Wong et al., 1997; Dobson et al., 2002) . We believe that the resolution of this conundrum is that, under stress, the fluid and solid reaction products separate as they are being generated, or very shortly thereafter. As such, the V of both types of reaction products can participate in triggering the faulting instability; the fluid ( V f > 0) functions in the normal way by assisting opening of Mode-I microcracks and the solid reaction products ( V s < 0) function by "opening" Mode-I microanticracks, analogous to faulting during the olivine spinel transformation (Green and Burnley, 1989; Green et al., 1990; Burnley et al., 1991) . Our observations on antigorite faulting (see also Jung et al., 2004a) clearly show that such separation of fluid and solid dehydration products occurs during or immediately after dehydration under stress. Whether this interpretation is correct or not, the experimental observations demonstrate that dehydration embrittlement is a viable mechanism for triggering earthquakes independent of depth, so long as there is a mineral dehydrating under differential stress.
Recent seismic data suggest that a seismic lowvelocity zone (LVZ) approximately 1-7 km thick is a persistent feature of many subduction zones including Alaska, the Aleutians, the Kuriles, the Marianas, northern Japan, and Nicaragua (Abers, 2000; Abers et al., 2003; Ferris et al., 2003; Mishra and Zhao, 2004) . Ferris et al. (2003) showed that the LVZ is even 11-22 km thick in central Alaska. The LVZs exist at the top of the subducting slabs at depths of ~50-250 km, with both P-and S-wave velocities consistently ~5-7% lower than the surroundings. We propose here that this seismic LVZ may be attributed to the accumulation of Mode-I cracks under stress and enhanced defect mobility during and/or after dehydration of hydrous minerals. The reduction of seismic velocity can be caused by the existence of open cracks (Anderson et al., 1974; Paterson, 1978) . in deformed eclogite (J. , which could give the same effects of lowering seismic velocities. The reduction of seismic velocity could also be caused by enhanced defect mobility in relict olivine due to the presence of dissolved water (through anelastic relaxation; Karato, 1995) . Previous experimental studies showed that the mobilities of defects in olivine including point defects, dislocations, and grain boundaries are enhanced by the presence of a small amount of water (Mackwell et al., 1985; Karato et al., 1986; Mei and Kohlstedt, 2000; Karato, 2001a, 2001b; Karato and Jung, 2003) . This effect of water on the reduction of seismic velocity will be much more significant at high pressures because a significant amount of water can be soluble in olivine at high pressures (Kohlstedt et al., 1996; Jung et al., 2004b) .
The hypocenter distributions of earthquakes in Alaska (Ferris et al., 2003) coincide with the location of the seismic LVZs at the top of the subducting slab. This phenomenon might be explained by the dehydration of a hydrous mineral under stress in the subducting slab. As shown in this study, the initiation site of a fault (e.g. hypocenter of an earthquake) by dehydration embrittlement of serpentine (Fig. 5 ) can be coincident with the seismic LVZs.
Recent studies of seismic tomography and magnetotelluric surveys suggest the existence of fluids at FIG. 6. Maximum compression direction is N-S in images. Backscattered electron images of fault microstructures. A. Sample deformed at 1.0 GPa and 650ºC ( V > 0). Convergence zone (arrow) is under compression and exhibits a concentration of solid dehydration products (grey "wisps") oriented normal to the orientation of 1 . The multiple "wisps" are anticracks recording volume loss in the compressed zone (arrowheads) (see also Jung et al., 2004a) . B. Similar microstructures from a multi-anvil sample faulted at 6 GPa and 750ºC ( V < 0), showing similar anticrack lenses in a series of "push togethers" (arrowheads) between en echelon fault segments at high pressure (see text for discussion). Scale bars: 20 µm. the hypocenter of the disastrous 1995 Kobe earthquake (Mw 7.2) in Japan (Zhao et al., 1996 Salah and Zhao, 2003) , the catastrophic 2001 Bhuj earthquake (Mw 7.6) in India (Kayal et al., 2002) , and at least some earthquakes along the San Andreas fault in California (Unsworth et al., 1997; Bedroisan et al., 2002) . These earthquakes are characterized by low seismic S-wave velocity and high Poisson's ratio and/or low resistivity, indicating that the anomaly may be due to fluid-filled rocks. The fluid might have contributed to the initiation of the earthquakes, which is consistent with our experimental observations in this study. A potential source of fluids is dehydration of hydrous minerals (e.g. serpentine).
Hypocenter distributions of earthquakes for both main shocks and aftershocks were reported in sev-eral recent studies (Unsworth et al., 1997; Bedroisan et al., 2002; Kayal et al., 2002; Zhao et al., 2002 Zhao et al., , 2004 Salah and Zhao, 2003) and appear to be anomalous, as described below. The observed hypocenters are distributed between the highest and the lowest Vs velocity, between the highest and lowest Poisson's ratio, and between the highest and lowest resistivity. This phenomenon is consistent with the presence of water in the study area. We propose that there may be a certain critical stress under which seismicity occurs in combination with the presence of water along the aligned dehydration products ( Fig. 9 ) or in the pre-existing fault zone. The region of the highest Vs, the lowest Poisson's ratio, and the highest resistivity may have no water present because of an absence of dehydration, showing an absence of seismicity. In contrast, the region of the lowest Vs, the highest Poisson's ratio, and the lowest resistivity may have too much water (too much dehydration of a mineral) to allow seismicity to be triggered. If there is too much water present along either the aligned dehydration products or a pre-existing fault by the dehydration of hydrous minerals, rather than inducing faulting, the aligned dehydration products within a pre-existing fault zone could result in greatly increased grain-boundary sliding and rolling (Shan et al., 2004) resulting in "superplastic" flow under a low stress ( Fig. 9) , yielding an absence of seismicity. This could be due to the existence of ultrafine-grained dehydration products, allowing efficient grain boundary sliding (Fig. 9D) . The existence of partial melt (Jin et al., 1994; Jung and Waff, 1998; Zimmerman et al., 1999; J. Zhang et al., 2004) may also cause a similar effect. If there is enough partial melt to be con-nected, the fault zone may be expected to be lubricated without causing seismicity.
Recently, scientists have been puzzled by observations of a distinct low-seismicity zone and a silent slip in some of the presumed serpentinized mantle wedges, such as above the subducting lithosphere under Japan (Kasahara et al., 2001; Fujie et al., 2002; Obara, 2002; Ozawa et al., 2002 Ozawa et al., , 2004 Kodaira et al., 2004) and Casdadia (Dragert et al., 2001; Brocher et al., 2003; Rogers and Dragert, 2003) . Such behavior also could perhaps be explained by "superplastic" flow under low stress along ultrafine-grained dehydration products, with or without the presence of fluid (Fig. 9) .
Possible mechanisms of the hydration of a subducting slab that were previously reported are penetration of seawater into the oceanic mantle via a transform fault (Francis, 1981) , high-temperature alteration of ultramafics in the upper mantle beneath a fracture zone (Kimball et al., 1985) , and deep seawater injection along a major fault in a subducting plate ruptured by a trench-outer rise event (Peacock, 2001) . A summary of the evidence for serpentinization of the oceanic lithosphere was also reported by Escartin et al. (1997) . Omori et al. (2002) estimated that the maximum degree of serpentinization in a N-S cross-section of the Kanto area in Japan reached ~50 vol%, involving a substantial serpentinization of the peridotite down to ~100 km. Active serpentine mud volcanoes in the Mariana forearc (Fryer, 1996) and serpentinite seamounts in the Izu-Bonin and Mariana forearc regions (Fryer, 1996; Maekawa et al., 2001) provide additional supporting evidence for the existence of a serpentinized mantle wedge.
Summary and Concluding Remarks
Deformation of a naturally serpentinized peridotite resulted in faults by dehydration embrittlement of serpentine under all conditions tested (1-6 GPa, 630-820ºC), showing that dehydration embrittlement is a viable mechanism to cause intermediatedepth earthquakes, regardless of the sign of total volume change of reaction. The seismic LVZ at the top of the subducting slabs could be attributable to aligned Mode-I cracks and the enhanced defect mobility in the presence of water, which come from the dehydration of hydrous minerals. The anomalous hypocenter distributions of earthquakes may be attributable to the degree of dehydration of hydrous minerals in combination with a certain level of stress. Distinct low-sesmicity zones could also be explained by "superplastic" flow under low stress along the ultrafine-grained dehydration products, with or without the presence of a fluid.
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